ABSTRACT This paper studies disturbance estimation and attenuation problem for a multi-input-multioutput nonlinear robotic system subject to the disturbance generated by an exogenous system. A composite control approach is proposed which consists of three parts. A backstepping controller is designed to achieve position tracking performance under the assumption that there is no disturbance. A nonlinear disturbance observer is constructed to estimate the exogenous disturbance. Finally, the composite control law is derived integrating with the nonlinear disturbance observer and the backstepping controller previously designed, so that both disturbance attenuation and position tracking performance are achieved simultaneously for a multi-input-multi-output nonlinear robotic system. Stability of the overall system is studied via a Lyapunov function analysis. The effectiveness of the proposed approach is verified by the experiments on the phantom omni robots.
I. INTRODUCTION
Robots are subject to a variety of external disturbances in practice which degrade the position tracking performance of a robotic system and even undermine its stability [1] . Therefore, it is necessary to design effective control methods to compensate the external disturbances. Disturbance observer is a valid way to compensate external disturbances in a robotic system. The control method based on disturbance observer derives from feedforward control. It includes disturbance estimation, feedforward compensation, and control law to guarantee the system's performances [2] . Early in 1987, Nakao et al. [3] presented a control strategy based on disturbance observer for multi-degrees of freedom manipulator. The nonlinear term in the dynamics was estimated by the disturbance observer. The inputs of the observer were only the motor current and the joint speed from the tachometer. In [4] the nonlinearities in a redundant manipulator were treated as a lumped disturbance and a disturbance observer was utilized to linearize the plant and then a controller was
The associate editor coordinating the review of this manuscript and approving it for publication was Xiwang Dong. designed for it. In [5] a linear disturbance observer and a nonlinear feedforward signal were utilized to linearize the rigid robot and a tracking controller could be designed for a linear nominal plant model. In [6] a disturbance observer was used for each joint of a two-link robot to detect and cancel the disturbance torque and the system was controlled as two decoupled linear motors. Nevertheless, the basic idea in the above work is to linearize the nonlinear dynamics of a robot, which will inevitably degrade the system's performance.
Therefore, the study of disturbance observer in robots has developed from linear disturbance observers to nonlinear disturbance observers. In order to compensate the slow time-varying disturbance in a two-link robotic manipulator, a nonlinear disturbance observer was designed in [7] . In [8] a robust control scheme based on a disturbance observer was designed to eliminate uncertainties for flexible joint robots. A nonlinear disturbance observer was presented for an upper limb exoskeleton robot, which compensated the disturbance torques caused by unknown input saturation, fuzzy approximation errors, viscous friction, gravity, and payloads in [9] . For a self-balancing mobile robot with external unknown bounded disturbances, a sliding mode technique based on nonlinear disturbance observer was proposed to guarantee that all the closed-loop signals were ultimately uniformly bounded in [10] . A PD control method based on disturbance observer was developed to suppress the effects of friction and flexible joint for electro-hydrostatically actuated flexible joint robots in [11] . In [12] a high-order disturbance observer-based sliding mode control method was proposed for a class of underactuated robotic systems with matched and mismatched uncertainties including the model uncertainties and external disturbances. In [13] a disturbance observer was utilized to compensate external load, friction and nonlinear robot dynamics in robot manipulators. In [14] a disturbance observer based on estimator at each joint for compliant motion of humanoid robot with the disturbance caused by external forces and modeling errors was designed. However, for all of the above work the disturbance generated by an exogenous system has not been considered yet.
The disturbance generated by an exogenous system represents a wide range of engineering disturbance with partial known information, such as harmonics with known frequency and unknown magnitude and phase, and unknown constant payload. For the disturbance generated by an exogenous system, Chen [15] improved the general nonlinear disturbance observer in [7] and then developed a nonlinear disturbance observer based on the relative degree from the disturbance to the output. It must be noted, however, in [15] only a class of single-input-single-output (SISO) affine nonlinear systems is focused on. Based on Chen's approach [15] , Zhang et al. [16] proposed a novel nonlinear disturbance observer based on the relative degree from the disturbance to the output for strictfeedback nonlinear systems with disturbance generated by an exogenous system. Nevertheless, the method in [16] can only be applied to a class of SISO strict-feedback nonlinear systems.
Consequently, this paper designs a composite controller for multi-input-multi-output (MIMO) robotic system with disturbance generated by exogenous system. Firstly, a backstepping controller is developed for the robot to achieve position tracking performance under the assumption that there is no disturbance. Secondly, a nonlinear disturbance observer is constructed to estimate the exogenous disturbance. Finally, the composite control law is designed to achieve disturbance attenuation and position tracking performance simultaneously for MIMO nonlinear robotic systems.
II. DYNAMICS OF MIMO NONLINEAR ROBOTIC SYSTEM
The joint-space model of an n-DOF MIMO nonlinear robotic system can be described as [17] M(q)q + C(q,q)q + G(q) = τ + d
where q ∈ R n×1 is joint angular position of the robot, q ∈ R n×1 represents joint angular velocity,q ∈ R n×1 is joint angular acceleration, M(q) ∈ R n×n is symmetric positive-definite inertia matrix, C(q,q) ∈ R n×n corresponds to Coriolis and centrifugal term, G(q) ∈ R n×1 is gravity term, and τ ∈ R n×1 is control torque. Here, d ∈ R n×1 represents the exogenous disturbance which is generated by an exogenous system as follows [16] 
where ε ∈ R n×1 is state variable of the exogenous system, F ∈ R n×n and H ∈ R n×n represent coefficient matrixes. The exogenous disturbance (2) represents a wide range of engineering disturbance with partial known information, such as harmonics with known frequency and unknown magnitude and phase, and unknown constant payload.
For the joint-space model of MIMO nonlinear robotic system (1) with the exogenous disturbance (2), the state vectors of the robot can be obtained as x 1 =q and x 2 =q by choosing joint angular position q and joint angular velocityq as the states. In addition, if q is selected as the output of the robot and then the output vector can be written as y = q = x 1 . Then, (1) can be rewritten as the following state-space equation form 
III. COMPOSITE CONTROL OF MIMO NONLINEAR ROBOTIC SYSTEM
For the state-space equation of MIMO nonlinear robotic system (3), the structure of the composite control of the robot is shown in Fig. 1 . The backstepping controller τ 0 is designed in the absence of the exogenous disturbance d. When the exogenous disturbance d is considered, the nonlinear disturbance observer is constructed to estimate the disturbance and obtain its estimationd. Finally, the composite control law τ is composed of the backstepping controller τ 0 and the disturbance estimationd. Therefore, the exogenous disturbance of the MIMO nonlinear robotic system is attenuated and the desired trajectory q d can be tracked by the real trajectory q of the robot.
A. DESIGN OF THE BACKSTEPPING CONTROLLER FOR ROBOT
The backstepping controller is developed without considering the exogenous disturbance in the MIMO nonlinear robotic system (3). When designing the backstepping controller, VOLUME 7, 2019 the system is divided into two subsystems and a Lyapunov function and intermediate virtual control variable are defined for each subsystem.
Step 1: Define the position error of the robot
where x 1d ∈ R n×1 represents the desired position of the robot.
Differentiating both sides of (4), we havė
where c 1 > 0 is a constant. Define the velocity error of the robot r 2 ∈ R n×1
Consider the Lyapunov function candidate
Differentiating (8) with respect to time and substituting (5) and (7) into it give uṡ
Substituting (6) into (9) gives uṡ
Thus, it is needed to further guaranteeV 1 ≤ 0.
Step 2: Define the Lyapunov function candidate
Without considering the exogenous disturbance, it is easy to show from (3) thaṫ
The time derivative of (6) can be obtained aṡ
Differentiating (7) with respect to time and combining (12) and (13) we havė
According to (10) and (14), the time derivative of (11) can be shown to bė
Now, in order to guaranteeV 2 ≤ 0 the backstepping controller can be designed as
where c 2 > 0 is a constant. Then we can geṫ
Hence, without considering the exogenous disturbance in the MIMO nonlinear robotic system (3), the asymptotic stability of the system can be ensured by the designed backstepping controller (16) .
B. DESIGN OF THE NONLINEAR DISTURBANCE OBSERVER FOR ROBOT
Next, we will discuss the case where the MIMO nonlinear robotic system is subjected to the exogenous disturbance. In this case, (3) can be reorganized as
where
be rewritten in the form of a column vector
where h i (i = 1, 2, · · · , n) is a sufficiently smooth scalar func-
is also a sufficiently smooth vector field. In order to estimate the exogenous disturbance d in the MIMO nonlinear robotic system (18), the following nonlinear disturbance observer is constructed.
where δ ∈ R n×1 is state variable of the nonlinear disturbance observer.ε andd represent the estimation of ε and d, respectively. L (x) is the nonlinear gain function of the observer. p (x) ∈ R n×1 is a nonlinear function to be designed later and it satisfies
Define the estimation error of the state variable of the exogenous system as
From (2) and (18)- (21), the estimation error system is derived asė
Assumption 1 [18] : Considering the MIMO nonlinear robotic system (18) , it is assumed that there is a relative degree vector r = r 1 r 2 · · · r n from the disturbance to the output. This implies that there is at least one Lie-derivative 1, 2, . . . , n, j = 1, 2, . . . , n) for any h j and m ji (x) is bounded for any x.
From the Lie-derivative in Assumption 1, W(x) is a nonsingular matrix and can be obtained as
From assumption 1, we can obtain that m ji (x) = L g i L r j −1 f h j = 0. Therefore, without loss of generality, we sup-
where a 0ji ≥ 0 is a constant that can be chosen as a 0ji = min m ji (x) and min m ji (x) denotes the minimum value of m ji (x). a ji (x) ≥ 0 is a bounded nonlinear function. Therefore, it is not unreasonable to suppose that there is an inequality a 2 ji (x) ≤ā 2 ji andā 2 ji is a known constant. Thus, we have
Since W(x) is a nonsingular matrix, W (x) is a nonsingular matrix. Then there exists a reversible matrixW and
The nonlinear function p (x) in (20) can be chosen as
where K ∈ R n×n is the observation gain matrix. Substituting (27) into (20), we can get
Substituting (23), (25) and (28) into (22), the estimation error system can be shown to bė
whereF = F − KW 0 H.
C. DESIGN OF THE COMPOSITE CONTROL LAW AND STABILITY ANALYSIS OF THE CLOSED-LOOP SYSTEM 1) DESIGN OF THE COMPOSITE CONTROL LAW
The composite control law is developed for the MIMO nonlinear robotic system (3) to compensate the exogenous disturbance.
where τ 0 is the backstepping control law in (16) in the case of not considering disturbance and λ (x) is a linear function of x. Substituting (30) into (18), the closed-loop system is obtained aṡ
and
Then, the disturbance term in (31) is canceled and the closed-loop system is stable. Now, the closed-loop system (31) can be rewritten aṡ
Since (34) no longer contains the disturbance term, the asymptotic stability of the closed-loop system can be ensured by using the previously designed backstepping control law τ 0 (16) .
As the exogenous disturbance d in the composite control law is unknown, it is necessary to estimate it using the constructed nonlinear disturbance observer (19) . Therefore, the exogenous disturbance d in the composite control law (30) is replaced by its estimationd. Now, substituting (33) into (30) the composite control law can be obtained as
Substituting (35) into the system (18) gives uṡ
From the composite control law (35), the estimation error system (22) and (36), the closed-loop system can be finally shown to be
2) STABILITY ANALYSIS OF THE CLOSED-LOOP SYSTEM
Theorem 1: Consider the MIMO nonlinear robotic system (18) with the disturbance-to-output relative degree vector r = r 1 r 2 · · · r n and the exogenous disturbance (2). The observation gain matrix K satisfies K = P −1 Q. Then, the closed-loop system (37) is stable with the composite controller (35), which is composed by the backstepping controller (16) and the nonlinear disturbance observer (19) . Moreover, lim t→∞ x (t) → 0 and lim t→∞ e (t) → 0. Proof: Considering the MIMO nonlinear robotic system (18) with the exogenous disturbance (2) under the MIMO nonlinear disturbance observer (19) , a Lyapunov function for the estimation error system (29) is given as
Differentiating both sides of (38) and substituting (29) into it, we can obtaiṅ
The observation gain matrix of the MIMO robotic nonlinear disturbance observer is chosen as
Substituting (40) into (39), it can be obtained thaṫ
For the matrixW in (26), there are two positive-definite matrixes U and P which make the matrix −W 2 U T U be a symmetric matrix, where =F T P + PF + H T H. According to Schur's Complement [19] , there exists
i.e. < 0, and thenV d (e) < 0. Hence, the estimation error system (29) of disturbance is stable.
Since the closed-loop system (34) is asymptotic stability under the backstepping control law (16) , there exists a Lyapunov function V c (x) and the time derivative of it satisfieṡ
where µ is a small positive scalar.
Considering a Lyapunov function for the closed-loop system (37) and substituting (38) into it, we can obtain
where ξ is a large positive scalar. Combining (37) and (39), the time derivative of (44) can be shown to bė
Substituting (42) and (43) into (45), we havė 
IV. EXPERIMENTS
The experimental setup consists of two Phantom Omni robots (Sensable Technologies, Inc., Wilmington, MA), which are recorded as #I and #II, respectively, as shown in Fig.2 . Each Phantom Omni robot has three actuated revolute joints. For simplicity, we use the first and third joints of each Phantom Omni robot and the second joint is locked at zero in the experiments. The dynamics and system parameters of the Phantom Omni robot can be found in [20] . In the experiments, the human operator operates Robot #II by his/her hand to produce a position signal which is used as the desired position trajectory for Robot #I. Consequently, the exogenous disturbance is considered only in Robot #I, and accordingly, the robotic backstepping controller (16) and the robotic nonlinear disturbance observer (19) are employed for Robot #I. It should be noted that the participation of the When the backstepping controller without disturbance observer is used, it can be seen from Fig.3 that although joint 1 of Robot #I can track the desired trajectory generated by Robot #II, there exists obvious tracking error for joint 3 especially when each time the position of joint 3 reaches its maximum value in the positive and negative directions. On the other hand, when the composite controller which consists of the backstepping controller and the nonlinear disturbance observer is used, it is shown in Fig.4 that both joint 1 and joint 3 of Robot #I can well track the desired trajectory generated by Robot #II. Moreover, it can be seen from Fig.5 that the exogenous disturbance can be estimated by the MIMO robotic nonlinear disturbance observer with the composite control.
In order to further analyze the position tracking error quantitatively, the tracking error between the real position and the desired position is calculated, i.e. r 1 = x 1 − x 1d . The calculation results are shown in Table 1 .
In Table 1 , r i min , r i max and |r i | max (i = 1, 3) represent the minimum value, maximum value and maximum absolute value of the tracking error r i of the joint i of Robot #I, respectively.
As seen in Table 1 , when the disturbance observer is unemployed, the position tracking error range of joint 1 is −0.02097∼0.02097 and the absolute value of the error is 0.04194, while those of joint 3 are −0.0705∼0.03749 and 0.10799, respectively. In contrast, when the composite controller is employed, the position tracking error range of joint 1 is −0.01151∼0.01974 and the absolute value of the error is 0.03125, while those of joint 3 are −0.02363∼0.01426 and 0.03789, respectively. With the composite controller, the absolute value of the error of joint 1 is reduced by 25.49% and the absolute value of the error of joint 3 is reduced by 64.91%. In a word, when the exogenous disturbance appears in the MIMO robotic system, the position tracking performance of the composite controller is much better.
V. CONCLUSIONS
A composite control approach is proposed for MIMO nonlinear robotic system with exogenous disturbance. The exogenous disturbance is estimated by the constructed nonlinear disturbance observer and the tracking performance is guaranteed by the designed backstepping controller. Therefore, the suppression of disturbance and good tracking are achieved simultaneously. The effectiveness of the proposed control is verified by experiments on the Phantom Omni robots. The extension of the presented control approach to encompass intelligent disturbance observer for MIMO nonlinear robotic system with mismatched disturbance remains as our future work.
